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Summary  29 
• This study explores some of the physiological mechanisms 30 
responsible for high productivity near the shelf in the Western 31 
Antarctic Peninsula despite a short growing season and cold 32 
temperature. 33 
• We measured gross and net primary production at Palmer 34 
Station during the summer 2012/2013 via three different 35 
techniques: 1) incubation with H218O; 2) incubation with 14CO2; 36 
and 3) in situ measurements of O2/Ar and triple oxygen isotope. 37 
Additional laboratory experiments were performed with the 38 
psychrophilic diatom Fragilariopsis cylindrus.  39 
• During the spring bloom, which accounted for more than half of 40 
the seasonal gross production at Palmer Station, the ratio of net 41 
to gross production reached a maximum greater than ~60%,  42 
among the highest ever reported. The use of multiple-43 
techniques showed that these high ratios resulted from low 44 
heterotrophic respiration and very low daylight autotrophic 45 
respiration.  Laboratory experiments revealed a similar ratio of 46 
net to gross O2 production in F.cylindrus and provided the first 47 
experimental evidence for an important level of cyclic electron 48 
flow (CEF) in this organism.  49 
• The low ratio of community respiration to gross primary 50 
production observed during the bloom at Palmer Station may 51 
be characteristic of high latitude coastal ecosystems and 52 
partially supported by a very active CEF in psychrophilic 53 
phytoplankton.   54 
 55 
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The Western Antarctic Peninsula (WAP) is among the most 60 
productive regions in the Southern Ocean (Arrigo et al., 2008a; Arrigo et 61 
al., 2008b), where spring phytoplankton blooms result in a large Net 62 
Community Production (NCP= photosynthesis minus respiration) 63 
supporting an abundant and diverse ecosystem (Ducklow et al., 2007). 64 
Over the past several decades, the WAP has also experienced some of 65 
the most extreme atmospheric warming on the planet (IPCC, Parry 66 
(2007)) with a concomitant rise of more than 1°C in sea surface 67 
temperature since the 1950s (Meredith & King, 2005). Significant 68 
research to date has focused on determining the effects of rising 69 
temperature on the magnitude of the spring bloom (e.g. Montes-Hugo 70 
et al. (2009)) but there is limited understanding of the mechanisms that 71 
control the rates of carbon fixation and consumption in these waters.  72 
Photochemical reactions are nearly temperature independent 73 
and phytoplankton have developed several adaptive mechanisms to 74 
mitigate the effect of low temperature on the photosynthetic electron 75 
transport chain (see reviews by Mock and Hoch (2005), Morgan-Kiss et 76 
al. (2006) and Dolhi et al. (2013)). As a result, the light reaction of 77 
photosynthesis is little affected by low temperature under nutrient 78 
replete conditions. For the dark reaction, the reduced catalytic rates of 79 
various enzymes in the Calvin cycle at cold temperature can be partially 80 
compensated by the increased solubility of CO2 over O2 in water, an 81 
efficient carbon concentrating mechanism (Kranz et al., accepted), and 82 
an increase in the cellular concentration of key enzymes, including 83 
Ribulose-1,5-bisphosphate carboxylase oxygenase, Rubisco (Young et 84 
al., accepted). In contrast, respiratory processes have been reported to 85 
be highly sensitive to the change in temperature. Large decreases in 86 
respiration rate with decreasing temperature have been shown in 87 
previous studies of individual phytoplankton and macro-algae (Staehr & 88 
Birkeland, 2006; Padilla-Gamino & Carpenter, 2007) as well as in 89 
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numerous ecosystems (Valentini et al., 2000; Regaudie-de-Gioux & 90 
Duarte, 2012; Yvon-Durocher et al., 2012). It is unclear why 91 
phytoplankton growing at a given growth rate would need less energy 92 
from respiration at low than at higher temperature. One possibility is 93 
that psychrophilic phytoplankton may take advantage of the 94 
maintenance of the high activity of their photosystems to generate ATP 95 
via the photosynthetic apparatus.  96 
In this study we used three different techniques to study primary 97 
production and respiration in the WAP (LTER-station B, Palmer station, 98 
Latitude: -64.7795; Longitude: -64.0725, sampling depth: 10m, total 99 
depth ~70m; Fig. S1) during the austral summer of 2012/2013. 100 
Comparing the results of three techniques provides insights into some 101 
of the mechanisms that control the primary productivity in the WAP. 102 
Two of these techniques are bottle incubations that measure 103 
production from the light reaction of photosynthesis (H218O incubation) 104 
or the dark reaction of photosynthesis (14CO2 incubation). In addition, 105 
measurements of biologically-derived O2 supersaturation as well as of 106 
the isotopic composition of the O2 pool, from in situ sample collection, 107 
allowed us to derive time-integrated ratios of Net/Gross production (the 108 
“triple oxygen isotope technique”; Luz and Barkan (2000); Prokopenko 109 
et al. (2011); Juranek and Quay (2013)). To further explore the 110 
underlying physiological processes, laboratory experiments were 111 
conducted with the model psychrophilic diatom Fragilariopsis cylindrus, 112 
including measurements of net and gross photosynthesis, respiration 113 
and cyclic electron flow.  114 
  115 
Materials and methods 116 
Field sampling and incubation experiments.  117 
Sampling took place twice weekly in the morning at LTER-station B 118 
(Latitude: -64.7795; Longitude: -64.0725; total depth ~70m). Water 119 
from 10m depth was collected (monsoon pump; Waterra WSP-SS-80-120 
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NC) and dispensed into acid washed (10% HCl) containers, rinsed 121 
thoroughly with MilliQ and on site water, for transport back to the 122 
shore-based laboratories. Back at shore, all containers were kept in a 123 
cold room (2°C) until processing, which typically occurred within 1 -2 124 
hours of sample collection. Incubation experiments (described below) 125 
were conducted on sub-samples placed in a flow-through seawater tank 126 
shaded with neutral density screening to reduce irradiance by 50% (LEE 127 
filters 209 0.3ND). A continuous flow of seawater pumped from the 128 
shore (10m depth) was used for temperature control.   129 
Pigment measurements and identification.  130 
A known volume of sample (0.2-1L) was collected in duplicate and 131 
filtered onto a glass fiber filter (Whatman GF/F, nominal pore size= 132 
0.7µm). After overnight extraction in 90% acetone at -20°C, chlorophyll 133 
a (Chl a) concentration for each duplicate was determined with a 134 
fluorometer (Turner Designs 10-AU), measuring the un-acidified and 135 
acidified sample to correct for phaeopigments (Welschmeyer, 1994). 136 
For pigment identification (chlorophyll and carotenoids), one liter of 137 
seawater was filtered under low light onto a GF/F, wrapped in 138 
aluminum foil, flash frozen in liquid nitrogen and subsequently stored at 139 
-80°C. Phytoplankton species composition for the three major taxa 140 
(diatoms, Phaeocystis, and cryptophytes) was determined from the 141 
abundance of the pigments fucoxanthin, 19’ hexanoyloxyfucoxanthin 142 
and alloxanthin (Everitt et al., 1990; Arrigo et al., 2000). Quantification 143 
of pigments was conducted using HPLC analysis at the Estuarine Ecology 144 
Lab (University of South Carolina) following the protocol described in 145 
Pinckney et al. (1998).  146 
Seawater Hydrography and meteorological measurements.  147 
The Palmer station Long Term Ecological Research (PAL-LTER) program 148 
conducted regular depth profiles of temperature and salinity at LTER-149 
station B using a Seabird SBE 19plus Seacat Profiler. These depth profile 150 
(Fig. S2) measurements were made within 1 – 2 hours of our regular 151 
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sampling times. Seawater density (Fig. S3) was computed from salinity 152 
and temperature using the TEOS-10 seawater equation of state 153 
(http://www.teos-10.org/software.htm). Surface PAR levels (i.e. 154 
irradiance between 400 and 700 nm wavelength) were measured by the 155 
Palmer Station Terra Laboratory using a LI-COR LI-190SA quantum 156 
sensor. Wind-speed data were obtained from the meteorological 157 
sensors on top of the Palmer Station Terra Laboratory.  158 
O2 measurements.  159 
Dissolved [O2] was measured by Winkler titration. Seawater was 160 
collected with a Go-flo bottle and transferred directly to Winkler 161 
bottles, taking care to avoid bubbles and to seal samples and reagents 162 
with no headspace. Samples for each sampling day were taken in 163 
duplicate. Titrations were performed using an amperometric oxygen 164 
titrator designed by Dr. Chris Langdon (Langdon, 1984; Culberson & 165 
Huang, 1987).The instrumental precision of the measurements is ± 2 166 
µmol L-1 but  the average precision of the duplicate was ± 4 µmol L-1. 167 
 168 
H18O2 incubations.  169 
Gas tight bottles (145 ml, Pyrex) were rinsed and filled with collected 170 
seawater from the carboys. One bottle was set aside for immediate 171 
transfer (initial sample) while two bottles were spiked with 125µL H218O 172 
(Medical Isotopes, 97.6%) for a final enrichment of 412.4‰. The two 173 
experimental bottles were incubated for 4 to 8 hours in the aquarium 174 
tank outside the station. For our laboratory experiments we followed 175 
the same procedure but duplicate bottles were taken for immediate 176 
transfer (initial samples) and duplicate bottles were incubated in an 177 
illuminated incubator (150 µE m-2 s-1) at 0.5°C. The samples were 178 
subsequently transferred into custom-made 500mL flasks equipped 179 
with Louwers-Hapert valves (LH flask), that had been previously spiked 180 
with 100µL of saturated HgCl2, dried, and evacuated (~1.5 mTorr= 181 
~0.2Pa). The LH flasks were then analyzed back in the laboratory at 182 
Princeton within 6 months. Prior to analysis, the liquid phase was first 183 
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equilibrated, and then carefully drained. LH flasks were then put in a 184 
freezing bath and the gas in each flask transferred into a stainless steel 185 
tube kept in a liquid helium tank. Each tube was allowed to warm up for 186 
one hour before analysis in a Delta Plus XP mass spectrometer for 187 
dO2/Ar, d18O and d15N (see Emerson et al. (1995)). The increase of 188 
[18O16O] provides a measurement of Gross photosynthesis (GP) in the 189 
bottle, while the change in [O2] during the incubation provides the net 190 
production in the light in the bottle (NBPL). The difference of the two 191 
gives respiration in the light in the bottle. The errors were calculated as 192 
standard deviation of the duplicates. The values were converted from 193 
oxygen evolution to carbon fixation using a photosynthetic quotient 194 
(PQ) based on C/N ratios from Young et al. (accepted) and derived from 195 
electrons balance:  196 
PQ= 𝑚𝑚𝑚 𝑂2
𝑚𝑚𝑚 𝐶  = 14𝑚𝑚𝑚 𝑒−𝑚𝑚𝑚 𝐶  = 1 + 2 ∗ 𝑁𝐶  . This equation assumes all nitrogen 197 
source is NO3- and an average photosynthetic product of CH2+3N/C ONN/C. 198 
All the measurements and values used can be found in Table S1.  199 
14C incubations.  200 
We used a 14C-based incubation approach to measure C fixation rates by 201 
phytoplankton assemblages. Samples were incubated in polycarbonate 202 
bottles (125 ml), with varying amounts for NaH14CO3 in the flow-through 203 
seawater tank. Triplicate samples for Gross Primary Production (GPP) 204 
measurements were spiked with 10 µCi H14CO3- and incubated in the 205 
tank for 2h. Both incubations were initiated at midday. Triplicate 206 
samples for Net Primary Production (NPP) were spiked with 5 µCi 207 
H14CO3- and incubated for 24h. In addition to the six NPP and GPP 208 
bottles, two bottles were used as controls and spiked with 5 µCi H14CO3-:  209 
one bottle was filtered immediately after addition (blank), while the 210 
other was incubated in the dark for 24h in the seawater tank (negative 211 
control).To quantify total 14C activity for specific activity calculations, a 212 
subsample (125 µl) was collected from each bottle after the incubation 213 
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period. Subsequently, samples were filtered onto a 0.7µm glass fiber 214 
filter, which was placed into 20mL scintillation vials and acidified with 215 
6N HCl for at least 24h. Radioactivity in the samples was measured by 216 
scintillation counting on a Beckman-Coulter Liquid Scintillation counter 217 
(LSC 6500), using a standard quench curve correction to derive 218 
disintegrations per minute. The errors were calculated as standard 219 
deviation of the triplicate. An estimation of the correction for 220 
respiration of unlabeled carbon during the 24h experiment was also 221 
calculated (see Notes S1).   222 
In situ measurement of ΔO2/Ar and triple oxygen isotopes.  223 
Samples were collected with a Go-flo bottle and transferred 224 
immediately into a 500mL custom-made pre-evacuated and pre-225 
poisoned bottles with Louwers-Hapert (LH) valves (Emerson et al., 226 
1995). Great care was taken during the sample collection process to 227 
avoid entrainment of atmospheric oxygen. The samples were stored at 228 
ambient temperature and analyzed at Woods Hole Oceanographic 229 
Institution within 6 months. Analysis followed the method of Barkan 230 
and Luz (2003) with the modification that the GC column was 5.3 m and 231 
held at -3 °C, and that each sample was collected on a cryogenic trap at 232 
<10°K which was then warmed to room temperature and directly 233 
released into an isotope ratio mass spectrometer. The ratio O2/Ar 234 
reflects the mass balance between NCP and gas exchange (Craig & 235 
Hayward, 1987; Emerson et al., 1991), while the triple oxygen isotope 236 
measurement reflects the mass balance between GPP and gas exchange 237 
(using the equation described in Prokopenko et al. (2011)). The details 238 
of this approach have been described previously (Luz & Barkan, 2000; 239 
Reuer et al., 2007) and are explained in Supplementary notes S2. Values 240 
for NCP and GPP were converted from µmol O2 m-2 d-1 to µmol O2 L-1 d-1 241 
using the computed mixed layer depth (derived from a density 242 
difference criterion of 0.125 kg m-3) or our sampling depth of 10m, 243 
whichever was greater.   244 
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Bacterial productivity and respiration.  245 
30mL bottles were filled with seawater sub-samples. Triplicate control 246 
bottles were immediately spiked with 200µL formalin (37% 247 
formaldehyde) to stop biological activity. All bottles were then spiked 248 
with 50µL 3H-thymidine. The biologically active bottles (in triplicate) 249 
were then incubated in the outdoor seawater tank for 2h. At the end of 250 
the incubation, biological activity was stopped by adding 200 µL 251 
formalin. A subsample was taken from all bottles for specific activity 252 
determination, while the remaining volume was filtered on a 0.2µM 253 
cellulose nitrate filter. The filters were dried overnight, dissolved in 254 
ethyl acetate, and counted on a Beckman-Coulter Liquid Scintillation 255 
counter (LSC 6500), with quench correction. Following (Kirchman et al., 256 
1982), the uptake rate of labelled compound v(t) is assumed 257 





, where N is the 258 
number of cells and the conversion factor C= 1.2 x 106 cells pmol-1 259 
(Delille & Cahet, 1997). Bacterial production and respiration were 260 
calculated using an average value of 10 fgC cell-1 and a growth efficiency 261 
factor of 0.15 (Ducklow et al., 2012). Errors were calculated as standard 262 
deviation of the triplicates.  263 
Laboratory culture experiments.  264 
Fragilariopsis cylindrus (CCMP 1102) was grown in semi continuous 265 
batch culture using 0.2 µm filtered coastal seawater supplemented with 266 
Aquil nutrients (Sunda et al., 2005) under continuous light (c. 150 µE m-2 267 
s-1) at 0.5°C. Cells densities were counted with a Coulter Counter Z2 268 
(Beckman Coulter Inc, Fullerton, CA). Cells were harvested during 269 
exponential phase after ~2 weeks of growth. Incubations with H218O in 270 
the light were performed (as described above) to yield estimates of net 271 
and gross photosynthesis as well as respiration in the light. Additional 272 
incubations were performed in the dark to derive estimates of 273 
respiration in the dark from the change in O2 concentration.  274 
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Cyclic electron flow.  275 
For the determination of relative cyclic electron transport rates, 276 
Fragilariopsis cylindrus cells in exponential growth were filtered gently 277 
and resuspended into Aquil medium with 20% w/w Ficoll. Following 278 
continuous illumination during which the redox state of P700 in PSI 279 
reaches steady state, the reduction rate of P700 was measured in the 280 
dark by fast spectrophotometry as the increase in absorbance at 700nm 281 
(JTS-10 spectrophotometer, BioLogic, France). The total number of PSI 282 
as well as the rate of their dark reduction, due to either cyclic or linear 283 
electron flow, was obtained by the technique reviewed in Alric (2010). 284 
To discriminate between the cyclic and linear electron flow, the 285 
measurements were done under two different conditions: without any 286 
inhibitor and in the presence of DCMU (3-(3,4-dichlorophenyl)-1,1-287 
dimethylurea, 20µM) a specific inhibitor of PSII that blocks the linear 288 
flow of electrons going to PSI. To obtain the initial rate of P700 reduction, 289 
the spectroscopic data were fitted with an exponential function and 290 
corrected for an instrumental artefact as explained in supplemental 291 
information (Notes S3).  292 
RESULTS 293 
Community composition and phytoplankton biomass 294 
The near shore waters adjacent to Palmer station are typically ice-295 
covered in the winter. During the austral spring 2012, the ice retreated 296 
at the end of October (~ October 25th). A large bloom of phytoplankton 297 
was observed in late November-early December of 2012 (up to 45µg Chl 298 
a L-1; Fig. 1a).  Based on the analyses of three marker pigments 299 
(fucoxanthin, 19’-hexanoyloxyfucoxanthin , and alloxanthin, see Arrigo 300 
et al., (2000)), the phytoplankton community at the beginning of the 301 
season was equally dominated by diatoms and Phaeocystis (Fig. 1a). As 302 
the diatom bloom developed, the Phaeocystis share of the community 303 
decreased and at the peak of the bloom the population was essentially 304 
all diatoms. The bloom was interrupted by a mixing event which 305 
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temporarily reduced the chlorophyll concentration down to 10 µg L-1 306 
(on December 4th). In mid-December, the bloom crashed and 307 
thereafter the phytoplankton population, then dominated by 308 
cryptophytes and Phaeocystis, was maintained around 1-3 µg Chl a L-1. 309 
The abundance of macro-nutrients at the crash of the bloom and during 310 
the rest of the season (Fig. S4) suggests that the end of the bloom and 311 
thereafter control of the population was likely due to grazing (Tortell et 312 
al., 2014). In early March, a smaller bloom of diatoms and Phaeocystis 313 
yielded chlorophyll concentration slightly above 6 µg L-1.  314 
Photosynthesis and respiration during daylight 315 
To study photosynthesis and respiration in the light, incubations with 316 
H218O were performed weekly on water collected from LTER-station B, 317 
starting at midday and lasting 4 to 8h. The rates of both net and gross 318 
production in the bottle are given in unit of µmol L-1 d-1 but only pertain 319 
to the period of the incubation. These incubations thus included the 320 
daily irradiance peak around 3PM and were all done at saturating light. 321 
We observed no relationship between average PAR during the 322 
incubations and the Chl a –normalized photosynthetic rates (Fig. S5), 323 
suggesting that photoinhibition or light limitation were not occurring. . 324 
Net bottle production in the light (NBPL), defined as the difference 325 
between photosynthetically produced oxygen and respiratory O2 326 
consumption by the autotrophs and heterotrophs in the bottle, was 327 
measured by ΔO2, the difference between the final and the initial O2 328 
concentration in the incubation bottle. Early in the season (before Nov 329 
14th), the incubations showed a net heterotrophy during daylight as 330 
shown by a slightly negative NBPL (Fig. 1b). This net heterotrophy was 331 
confirmed by in situ measurement of dO2/Ar with a Membrane Inlet 332 
Mass Spectrometer (Tortell et al., 2014). During the bloom (defined 333 
here as the period between November 19th and December 10th 2012 334 
when the chlorophyll was above 5 µg Chl a L-1), we measured a very 335 
high NBPL with a maximum > 90 µmol O2 L-1 d-1 corresponding to > 65 336 
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µmol C L-1 d-1 (using an average photosynthetic quotient PQ=1.39; Fig. 337 
1b). For the rest of the season, NBPL values less than 6 µmol C L-1 d-1 338 
were obtained until the second bloom, when values increase to ~18 339 
µmol C L-1 d-1.  340 
In the same bottles, Gross Photosynthesis (GP; defined as the amount of 341 
oxygen produced from the splitting of water during photosynthesis) was 342 
also measured, independently of NBPL, as the increased concentration 343 
of 18O16O in incubations with H218O (see method). During most of the 344 
season the measured 18O-derived GP closely tracked the measured ΔO2-345 
derived NBPL (Fig. 2a). The correlation between the two (0.89 ± 0.08; 346 
R2=0.89) in these incubations is dominated by the high values during the 347 
bloom and indicates that during several hours at midday net production 348 
in the bottle was roughly 90% of GP.  Thus respiration at midday during 349 
the bloom, calculated as the difference of GP minus NBPL during the 350 
incubation, was only ~10% of GP. This respiration includes respiration by 351 
autotrophs (mitochondrial respiration and photorespiration), 352 
respiration by heterotrophs (mainly bacteria, as larger heterotrophs are 353 
excluded from the incubation bottles) and potentially the reduction of 354 
O2 in the Mehler reaction. Bacterial respiration, derived from thymidine 355 
incorporation measured in separate 2h incubations at midday, was less 356 
than 2 µmol C L-1 d-1 during the season at 10m depth, except at the 357 
crash of the bloom when it increased to ~8 µmol C L-1 d-1 (Dec 14th, see 358 
Notes S4 and Fig. S6). After the crash of the first bloom, our ΔO2 359 
measurements in the incubations revealed very low overall net 360 
production (see Table S1).  361 
Gross photosynthesis in the 18O bottle incubations varied linearly with 362 
chlorophyll (Fig. 3) up to ~25 µg L-1. The slope of 3.0 µmol C µg Chl a-1 d-1 363 
is similar to the values from the Antarctic reported by Westwood et al. 364 
(2010) (4.1 ± 1.7 µmol C µg Chl a-1 d-1 between 0-25m) and by DiTullio et 365 
al. (2003) (5.6 ± 4.6 µmol C µg Chl a-1 d-1 in the Antarctic zone). The 366 
linearity of Figure 3, despite the variability of the light intensity among 367 
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experiments (PAR ~200 to ~670 µE m-2 s-1), indicates that 368 
photosynthesis was likely light saturated during those incubations (see 369 
figure S5).  370 
Photosynthesis and respiration during a light-dark cycle using 14C 371 
In order to measure net and gross primary production during a 372 
full diel cycle, 2 and 24h 14CO2 uptake incubations were performed twice 373 
weekly starting around midday. Net Primary Production (NPP) measured 374 
in 24h experiments represents the gross carbon fixation minus DOC 375 
excretion and respiration by the autotrophs and heterotrophs present 376 
in the incubation bottles (excluding large zooplankton). A somewhat 377 
lower value for a net primary production NPP*, is obtained by 378 
subtracting from the measured NPP an estimate of the unlabeled 379 
carbon respired during the 24h incubation (see supplemental Note S1). 380 
Due to a mixing event (that was not captured by an 18O incubation) 381 
those incubations showed two peaks of high net production during the 382 
bloom (Fig. 1c), reaching up to 78 µmol C L-1 d-1 on December 10th. 383 
Differences in the relative values of net production measured by 14C and 384 
18O incubations result, in part, from differences in the duration of light 385 
saturation during the two types of experiments. During the rest of the 386 
season the 14C based NPP values were generally less than 2 µmol C L-1 d-387 
1.  388 
The average ratio of 14C-NPP/18O- NBP ~0.79 during the bloom 389 
and 0.20 after the crash of the bloom, illustrates the fact that the two 390 
methods measure different processes (see below). The average ratio 391 
18O-GP/14C NPP ~3.57 measured for the entire season up to the second 392 
bloom is similar to previously reported values in the laboratory (Halsey 393 
et al., 2013) and is within the range of the values reported from the field 394 
(Bender et al., 1999; Laws et al., 2000; Marra, 2007; Hamme et al., 395 
2012).   396 
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Gross primary production (GPP), which represents the CO2 fixed by the 397 
autotrophs into new biomass, was measured in separate bottles spiked 398 
with 14CO2 and incubated at the same time and in the same tank as NPP 399 
but for only 2h at midday. The rates are given in µmol L-1 d-1 but only 400 
pertain to the 2h period of incubation. Surprisingly, some of the 401 
measurements at the beginning of the season and during the bloom 402 
gave GPP values that were lower than the NPP. Such ratios of 14C-403 
NPP/14C-GPP > 1 have been observed previously (Robinson et al., 2009) 404 
and may reflect a reduced photosynthetic activity at midday. 405 
Omitting the data where 14C GPP was lower than NPP, we observe a 406 
strong correlation between NPP and GPP (Fig. 2b) with a slope of 407 
0.61±0.05 before/during the bloom and a slope of 0.54±0.07 afterward. 408 
Those slopes are somewhat lower when respiration of unlabeled carbon 409 
is taken into account (NPP* vs GPP: 0.54 before/during the bloom and 410 
0.24 after the bloom). Those ratios of net production to gross 411 
photosynthesis are much lower than our value of ~0.9 from the 18O 412 
incubations obtained at midday. Part of the explanation is the 413 
difference in timing between the 18O and 14C incubations, with only the 414 
latter measurements including the dark portion of the day. Differences 415 
in the diel patterns of photosynthesis and respiration rates (Moline & 416 
Prezelin, 1996) would also lead to discrepancies between the two 417 
methods, as would excretion of some of the organic carbon (which is 418 
accounted for in the 18O but not in the 14C experiments).  419 
Photosynthesis and respiration: time- integrated in situ measurements  420 
The triple oxygen isotope method provides an in situ measure of time-421 
integrated gross and net production of the whole community, without 422 
any exclusion or constraints linked to bottle incubations (Luz & Barkan, 423 
2000). Net community production in this case is derived from the 424 
supersaturation of O2 compared to Ar which represents the balance of 425 
photosynthesis, respiration and gas exchange (computed using a wind-426 
speed dependent parameterization of mixed layer gas exchange 427 
 15 
 
coefficients according to Wanninkhof (1992)). Gross photosynthesis in 428 
the mixed layer is calculated from the isotopic composition of the O2 429 
pool, which is determined by the gross O2 fluxes associated with 430 
photosynthesis (splitting of water) and air-sea exchange. The 431 
calculations of NCP and GPP were made considering that the samples 432 
were within the mixed layer and that oxygen was at steady state, except 433 
during the peak of the bloom when the changing isotopic ratios were 434 
taken into account in order to calculate rates without necessitating the 435 
steady state assumption (Kaiser, 2011; Prokopenko et al., 2011). In 436 
addition, the calculations of NCP and GPP during the bloom were made 437 
considering that the sampling depth of 10m was either below the mixed 438 
layer (as indicated by the density profiles; Fig. S2) or possibly within it 439 
(as indicated by the Ekman depth; Brody and Lozier (2014)). Details of 440 
the calculations to obtain NCP, GPP and their ratios, using different 441 
hypothesis of steady state and mixed layer conditions, can be found in 442 
Tables S2 and S3 and supplemental notes S2. No matter what the 443 
method (i.e. steady-state or time-varying, within mixed layer or below 444 
it), the rates of GPP and NCP during the bloom period are much higher 445 
than the rates of GPP and NCP during the rest of the season.  446 
Qualitatively, the triple oxygen isotope-derived NCP and GPP estimates 447 
(Fig. 1d) resemble those from 14C incubations exhibiting two peaks 448 
during the bloom and remaining low afterward (except for an 449 
unexplained peak in GPP on January 8th). The absolute values in Fig. 1d 450 
however are lower than in Fig. 1b,c. This is in part due to the inherent 451 
time and space averaging of the triple oxygen isotope method, which 452 
necessarily smoothes out the high values. This integrated measure of 453 
NCP demonstrates that the system never reached a sustained period of 454 
net heterotrophy before or after the bloom with only a few values of 455 
NCP slightly below zero.   456 
The NCP/GPP ratio measured with the dO2/Ar and triple oxygen isotope 457 
technique started with values ~0.25 at the beginning of spring and 458 
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increased to values above 0.6 during the two peaks of the bloom 459 
(regardless of the assumption made regarding the depth of the mixed 460 
layer). These high ratios observed in both NCP/GPP from in situ 461 
measurements and NPP/GPP from 14C data, indicated that community 462 
respiration was largely controlled by the microorganisms that were 463 
sampled in the bottles, as opposed to large grazers that would have 464 
been excluded. Thymidine incorporation measurements indicate very 465 
low bacterial production and respiration before and during the bloom 466 
(Fig. S6), implying that much of the respiration was attributable to the 467 
phytoplankton. Just at the crash of the bloom the O2 NCP/GPP 468 
decreased to low and possibly negative values as expected and 469 
confirmed by estimates of high bacterial respiration based on thymidine 470 
incorporation data (Fig. S6). During the rest of the season we observed a 471 
low positive NCP/GPP ratio ranging between ~-0.1 and ~0.1, much lower 472 
than the ratio of 0.54 obtained from the 14C data. This large difference 473 
likely reflects the activity of large grazers which are excluded from the 474 
14C incubation bottles but keep the algal population and the net 475 
community production low (Tortell et al., 2014). Our observations thus 476 
suggest that autotrophic respiration dominated community O2 477 
consumption during the pre-bloom and bloom phases of the seasonal 478 
cycle, while large grazers (e.g., Krill) accounted for most of the 479 
community respiration during the later months.  480 
Physiological data from the polar diatom Fragilariopsis cylindrus 481 
Since diatoms were the major taxa during the bloom, we conducted 482 
experiments with the psychrophilic organism Fragilariopsis cylindrus in 483 
laboratory cultures maintained at 0.5°C under continuous light. H218O 484 
incubations (~9h) on those light adapted cells gave values of 0.38 and 485 
0.12 pmol O2 cell-1 d-1 for gross photosynthesis and respiration in the 486 
light respectively, while incubations in the dark gave a value of 0.07 487 
pmol O2 cell-1 d-1 for respiration in the dark (Fig. 4a). Based on these 488 
data, we calculated a ratio for the daily integrated net and gross 489 
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production for a diel cycle with 20h/4h L/D (similar to the diel cycle 490 
during the bloom) of NPD /GP of 0.65. This value represents an average 491 
value for the light period since our cultures were grown under 492 
continuous light and thus not synchronized to a diel cycle like the 493 
community in the WAP. Nonetheless, this value is very close to the 494 
values we obtained in the field during the bloom from in situ 495 
measurements (Fig. 2c). To the extent that the ratio obtained with 496 
F.cylindrus can be extrapolated to the diatoms in the WAP, these results 497 
provide further evidence that the community respiration measured 498 
during the bloom was dominated by the phytoplankton. This is 499 
consistent with our estimations of low heterotrophic respiration in the 500 
field based on thymidine incorporation rates (see above) and with 501 
previous studies (Ducklow et al., 2012).  502 
It has been suggested that cyclic electron flow (CEF) generates 503 
substantial ATP in psychrophilic green algae from Antarctic lakes 504 
(Morgan-Kiss et al., 2002; Dolhi et al., 2013). Such a mechanism could 505 
help explain the very low respiration rates we observed at midday in the 506 
field (with the H218O incubations) as well as the previously reported high 507 
concentration of ATP in psychrophilic organisms (Napolitano & Shain, 508 
2005). In CEF, light absorption and charge separation in PSI is followed 509 
by an electron transfer back to the b6f complex, via a ferredoxin, and 510 
the beginning of a cycle through the plastoquinone pool (Falkowski & 511 
Raven, 2007). Each cycle transports protons from the stroma to the 512 
lumen, generating a proton gradient, which leads to the production of 513 
ATP via the ATP synthase in the thylakoid membrane (see Eberhard et 514 
al. (2008) for review). Re-reduction of PSI can occur through the linear 515 
flow of electron from PSII or from CEF. Using laboratory cultures of F. 516 
cylindrus, we obtained the first estimates of the relative importance of 517 
CEF and linear electron flow in a psychrophilic diatom. The reduction 518 
rates of the PSI pool in the presence and absence of DCMU (an inhibitor 519 
of linear electron flow) were compared using a fast spectrophotometric 520 
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method (see Alric (2010) for review). The maintenance of a rapid 521 
reduction rate of PSI (~ 30 e- s-1) in F. cylindrus (at 0oC) in the presence 522 
of DCMU (Fig. 4b) is indicative of an active CEF. In contrast, for T. 523 
weissflogii at 25oC the electron flow decreased to low values in the 524 
presence of DCMU (< 15 e- s-1; Fig. 4b) indicating minimal CEF in this 525 
species under these conditions. Such low rate of PSI reduction in the 526 
presence of DCMU in T. weissflogii could also result from the 527 
breakdown of starch to produce NADPH (Alric et al. (2010)).   528 
DISCUSSION 529 
We used three different techniques to measure primary production 530 
during our field season: two in vitro techniques (18O incubations, 14C 531 
incubations) and one in situ method (dO2/Ar and triple oxygen 532 
isotopes). These techniques measure different parameters over 533 
different time periods and provide complementary insights into the 534 
processes responsible for the metabolic balance of the planktonic 535 
ecosystem.  Notably, all three methods demonstrated a high level of net 536 
production during the diatom spring bloom, which, although not 537 
atypical, appears to have been one of the largest on record during the 538 
25 years of observation at the Palmer Station LTER site 539 
(http://oceaninformatics.ucsd.edu/datazoo/data/pallter/datasets). 540 
According to the LTER data archive, there were 15 years between 1991 541 
and 2011 when the chlorophyll concentrations exceeded 10 µg L-1, and 542 
8 when they exceeded 30 µg L-1. During our field season, the chlorophyll 543 
concentration reached 45 µg.L-1, concomitant with a gross production 544 
rate of 75 µmol C L-1 d-1 (Fig. 1b). Using the relationship derived 545 
between 18O-GP and chlorophyll (Fig. 3), we estimate that the bloom 546 
accounted for nearly 60% of the gross production during the entire 547 
summer season. This particular bloom provided an opportunity to 548 
better understand the processes that allow high primary productivity in 549 
very cold waters. Our data indicate that heterotrophic processes played 550 
a minimal role during the spring bloom and that all metabolic processes 551 
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were dominated by autotrophs. This explains why both 14C and the in 552 
situ (dO2/Ar and 17Δ) measurements, gave similarly high ratios of 553 
net/gross production, with maximum values of greater than 0.54. For 554 
comparison, most published ratios of net to gross production based on 555 
dO2/Ar and 17Δ data in low temperature seawater are below 0.2 (Castro-556 
Morales et al., 2013), (Juranek et al., 2012), with a few values above: 557 
0.35 on average during spring bloom conditions in the subpolar North 558 
Atlantic Ocean (Quay et al., 2012), up to 0.43 in the WAP (Huang et al., 559 
2012) and ~0.50 in the Bering Sea (Prokopenko et al. 2011).  560 
Taken at face value, the results of our 18O incubations during the 561 
bloom indicate that most of the electrons obtained from the splitting of 562 
water result in net carbon fixation during midday. This means that 563 
photorespiration and mitochondrial respiration, as well as the Mehler 564 
reaction, were kept to a minimum in the diatoms at Palmer station at 565 
midday. The extent of photorespiration depends on the relative affinity 566 
of Rubisco for CO2 and O2 which are competing for binding at the active 567 
site. As in higher plants, the O2 turnover rate in the Rubisco of diatoms 568 
is slower than that of CO2. The Rubisco of diatoms can also exhibit a 569 
half-saturation constant for oxygen up to 8 times that of higher plants 570 
(Badger et al., 1998). Further, it has been shown in plants (Tcherkez et 571 
al., 2006), and in phytoplankton (Haslam et al., 2005) that low 572 
temperature increases the specificity of Rubisco for CO2 over O2. 573 
Together with an efficient CCM in the cells (see Kranz et al. (accepted)), 574 
the increased CO2 specificity of Rubisco (Young et al., accepted) should 575 
act to maintain low photorespiration relative to C fixation in 576 
psychrophilic diatoms.   577 
Cyclic electron flow, CEF, allows cells to produce ATP directly from 578 
sunlight without evolving oxygen or fixing carbon, and independently of 579 
mitochondrial respiration. To the extent that this mechanism for ATP 580 
production depends principally on photochemical processes, it should 581 
be less sensitive to temperature than the multiple enzymatic reactions 582 
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of the Krebs cycle. This requires that the activity of the enzymes 583 
involved in the CEF and ensuing ATP production be maintained high 584 
either by adaptation to cold or by a higher protein concentration. In 585 
particular the activity of the ATP synthase in the thylakoid membrane 586 
must be high enough. A significant role for cyclic electron flow has been 587 
reported previously in an Antarctic green alga from Lake Bonney (Dolhi 588 
et al., 2013). The Mehler reaction is in competition with the cyclic 589 
electron flow in PSI. Our 18O incubation data during the bloom imply 590 
that like photorespiration, mitochondrial respiration and the Mehler 591 
reaction are minimal at midday in Antarctic diatom; this may be 592 
associated with an intense CEF activity. Our laboratory experiment with 593 
F. cylindrus confirmed that this process is indeed physiologically 594 
important in this polar diatom. High intracellular ATP concentrations 595 
previously reported in two psychrophilic green algae (Napolitano & 596 
Shain, 2005) would also be consistent with a high CEF activity. 597 
Interestingly, in those psychrophilic species, ATP concentrations were 598 
reported to increase with decreasing temperature whereas the opposite 599 
trend is observed in mesophilic and thermophilic organisms. 600 
The very low respiration measured during our 18O incubation during 601 
the bloom at midday (~10% of GP) is somewhat difficult to reconcile 602 
with the 14C incubation and in situ measurements that show net/gross 603 
ratio on the order of 0.6 (Fig. 2). If such a low respiration were 604 
maintained for the whole daylight period, it would mean that 30% of 605 
the photosynthate would have to be respired during the night to 606 
reconcile the numbers. This seems difficult considering that the night at 607 
Palmer lasted only 4h during the height of the phytoplankton bloom. 608 
Alternatively, respiration by autotrophs (or heterotrophs) may also have 609 
been higher during early and late daylight hours than during midday. 610 
This would be consistent with a scenario in which the cells exploit the 611 
high photon flux at midday to generate ATP through cyclic electron 612 
flow. Conceivably, an intense CEF activity at the expense of linear 613 
electron flow during periods of high light could also explain low GPP 614 
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measured in short term 14C experiments. Clearly, additional information 615 
on the diel cycle of photosynthesis and CEF activity of psychrophilic 616 
diatoms should help us understand how the ratio of net/gross 617 
photosynthesis varies in the course of a day.  618 
From an ecological perspective, an important implication of our 619 
data is the low ratio of community respiration/ gross primary 620 
production during the diatom spring bloom at Palmer station. Based on 621 
our laboratory data with F.cylindrus we hypothesize that part of the 622 
reason why phytoplankton may be able to maintain relatively high 623 
productivity at low temperature even when their respiration rate falls 624 
(as it does at midday) is because they can generate ATP through cyclic 625 
electron flow. More generally the overall trend of decreasing R/P with 626 
decreasing temperature (Regaudie-de-Gioux & Duarte, 2012), that is a 627 
characteristic of ecosystems dominated by autotrophs results not just 628 
from the temperature-dependence of the rates of photochemical and 629 
biochemical reactions but must also reflect particular adaptive 630 
strategies, such as CEF and  the change in the concentration and 631 
substrate affinity of key enzymes such as Rubisco (Young et al., 632 
accepted). A better understanding of these strategies would allow us to 633 
foresee the likely changes in the net productivity of marine ecosystems 634 
at high latitudes which are being subjected to rapid climate change.  635 
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Figure legends 876 
Figure 1: (a) Chl a and community composition for three taxa during 877 
the season. Diatoms are represented by the purple area, Phaeocystis 878 
by the orange area, cryptophytes by the green area. All areas are 879 
extrapolated from discrete measurements. Chl a is represented by 880 
the dark green curve. Error bars represent standard deviation of 881 
duplicates. (b) Results from day-time incubations with H218O. Blue 882 
circle: net bottle production in the light (NBPL) defined as ([O2]final-883 
[O2]initial). Green triangle: Gross Photosynthesis (GP) defined as the 884 
production rate of [18O16O]. Red downward triangle: respiration in 885 
the light (RL) defined as RL=GP-NBPL. Error bars represent standard 886 
deviation of duplicates. All rates are normalized for one day but only 887 
pertain to the period of incubation. The left and right axis are 888 
stoichiometrically equivalent with a photosynthetic quotient PQ=1.4 889 
(c) Results from incubations with 14C. Blue circle: net primary 890 
production (NPP), measured from 24h incubations. Green triangle: 891 
Gross Primary Production (GPP), measured from 2h incubations. GPP 892 
rates are normalized for one day but only pertain to the period of 893 
incubation. The values have been converted from carbon fixation to 894 
oxygen evolution using a PQ=1.4. Error bars represent standard 895 
deviation of triplicates. (d) Results from the in situ measurements. 896 
Blue: Net Community Production (NCP), derived from dO2/Ar. Green: 897 
Gross Primary production (GPP), derived from triple oxygen isotope. 898 
Filled triangles and filled circle have been calculated assuming steady 899 
state conditions and that samples were within the mixed layer. For 900 
the two peaks of the bloom: open triangles and circles assume non 901 
steady-state and samples within the mixed layer. Filled downward 902 
triangles and squares assume non steady-state and samples below 903 
the mixed layer. No point is shown for Dec 5th as we could not 904 
account for the vertical mixing on that date. Error bars represent 905 




Figure 2: Relation between Gross Primary Production (GPP) and Net 908 
Community Production (NCP) studied with three different 909 
techniques. Open circles: values before and during the bloom. Red 910 
filled circles: values after the bloom. Black filled circles: are 911 
NCP/GPP ratios. (a) Incubations in the light only - ΔO2/18O method. 912 
The values have been converted from oxygen evolution to carbon 913 
fixation using a photosynthetic quotient PQ=1.4. Error bars represent 914 
standard deviation of duplicates. (b) Incubations during a light-dark 915 
cycle - 14C method (24h and 2h incubations). The inset is a blow-up of 916 
the data obtained after the bloom. Error bars represent standard 917 
deviation of triplicates. (c) Ratio of NCP/GPP from in situ 918 
measurements (dO2/Ar and 17Δ). Black circles assume steady state 919 
and samples within the mixed layer. Gray squares assume non-920 
steady state and samples below the mixed layer. Blue triangles 921 
assume non steady-state and samples above the mixed layer. Error 922 
bars represent standard deviation of duplicates. 923 
 924 
Figure 3: Correlation of 18O derived-Gross photosynthesis (converted 925 
in carbon unit using PQ values obtained for each samples as 926 
explained in material and methods) and Chl a. Error bars represent 927 
standard deviation of duplicates. 928 
 929 
Figure 4: (a) Gross photosynthesis and respirations of Fragilariopsis 930 
cylindrus. Incubation with H218O gives gross photosynthesis and 931 
respiration in the light (mitochondrial respiration in the light + 932 
photorespiration). Incubation in the dark gives mitochondrial 933 
respiration in the dark. From those results we calculated a net 934 
photosynthesis over a light:dark diel cycle of 20:4. Error bars 935 
represent standard deviation of duplicates. (b) Relative electron flow 936 
 30 
 
through PSI in the presence (white bars) and absence (black bars) of 937 
DCMU – comparison of F. cylindrus and Thalassiosira weissflogii. The 938 
maintenance of a high electron flow in the presence of DCMU in F. 939 
cylindrus is indicative of an active cyclic electron flow. Error bars 940 
represent standard deviation of duplicates. 941 
 31 
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